Abstract: There are several issues that need to be better understood before breast tissueengineering becomes viable clinically. One of the key issues is the interaction between cells and the microtopography of the implant surface. The aim of this study was to evaluate the efficacy of D1 cells, multipotent mouse bone marrow stromal precursors, in differentiating to fat and to characterize their metabolic activity (lactic acid released and glucose consumed) and lipid production when cultured on patterned poly-L-lactide (PLLA) films. It was determined that, with appropriate stimulation, the D1 cells displayed morphological characteristics of adipocytes and produced lipid. The results show that the patterned surfaces did affect the rate of lipid production. Polynomial models were proposed to predict the metabolic activity of the cells over a period of time. '
INTRODUCTION
The need for soft tissue reconstruction or augmentation has increased continuously over the years. Breast cancer is the most common form of cancer affecting women. 1 The treatment options for breast cancer include lumpectomy, mastectomy, and therapeutic treatments. Soft-tissue reconstruction is also crucial for the treatment of post-traumatic repair and congenital deformities. Current reconstruction procedures include implants, tissue flaps, and tissue transplantation. There are inherent problems associated with each existing option. The survival of grafted fat is low, generally grafting results in necrosis due to insufficient vascularization and results in resorption of the graft over time. 2 Also, the volume of fat available for grafting may be limited. Longevity and leaching of the constituent particles is of utmost concern for synthetic replacement devices such as silicone implants, as is immune response to bulk and degradants.
Tissue engineering holds considerable promise as an alternative to existing options, by providing a biologically based solution. However, for any medical implant to be successful in the long-term, it must be successfully integrated into the body. Many strategies have been formulated to influence tissue-biomaterial interactions. For example, it has been shown that geometrical configuration of an implant 3 or the pore size employed 4 can influence the level of development of a capsule or an oriented fibrous attachment or its better integration with the body. It is well known that cells respond to surface features and react to them, leading to what is termed as \contact guidance." It has also been shown that the roughness of an implant can alter the affinity of cell types to hydrophobic and hydrophilic surfaces. 5 Porous surfaces can enhance tissue integration with the implant surface thus providing long term stability in vivo 6 ; the results of several studies detailed in the literature suggest that surfaces with microgrooves affect the orientation and migration of cells. 7, 8 Wan et al. 9 used microtopography to study the adhesion behavior of cells and found that cell adhesion was enhanced on poly-L-lactide (PLLA) and polystyrene (PS) surface with nanoscale and microscale roughness compared to the smooth surfaces of the PLLA and PS. Parker et al. 10 evaluated tissue reaction around implants with different surface topographies and found that the application of microgrooves or random surface roughness to polymer implants apparently does not have beneficial effects on peri-implant tissue healing in vivo. This indicates the contradictory results present in the literature regarding the role of microtopography.
This study is a proof-of-concept to evaluate the effect of surface topography on the differentiation of D1 cells. Most of the studies in the literature have primarily evaluated the response of cells to the grooves in terms of orientation and cytoskeletal changes and the cell types used in those studies have a fibroblastic morphology. Because of the choice of these cell types, the majority of the studies cited in literature have employed grooves which are narrow and tightly spaced. In our study, we wanted to evaluate the effect of the surface topography on differentiation and not orientation along the grooves. This involves cell-cell contact which might be altered due to the presence of the grooves. In addition, the size of an adipocyte, typically, ranges from around 20 to 120 mm. So, for our study we used grooved that were separated by 100 mm which would allow the adult stem cells to differentiate to adipocytes and allow them to grow to their full size.
The focus of this study was to understand the interaction between adipocytes and patterned polymeric biomaterial surfaces in terms of proliferation and metabolism. The working hypothesis is that by controlling the level of in vitro cellular differentiation in a tissue-engineered device, one can influence the viability of the device postimplantation. The specific purpose of this in vitro study was to determine the behavior of D1 cells (in terms of lipid production, characteristic of functional adipocytes), compare their metabolism on patterned and plain PLLA films, and build statistical models to predict cellular behavior over time.
MATERIALS AND METHODS

Substrate Fabrication
Photolithography was employed by the Microelectronics division of the Electrical and Computer Engineering Department at Clemson University to etch micro-grooved patterns on a silicon wafer. The manufactured wafer had horizontal surface grooves of 3 mm width over its surface and 100 mm separation. The depth of each groove was 1.5 mm and the diameter of the wafer was 7.62 cm. The wafer was used as a template for patterned film fabrication.
Polymer films were solvent-cast, using the silicon wafer template. Specifically, 1 g of PLLA (Boehringer Ingelheim, molecular weight -140,000 g/mol) was mixed with 10 mL of dichloromethane (VWR) to make a 10% polymer solution. The template was then covered with 10 mL of the polymer solution. The solvent was allowed to evaporate slowly and, after the solvent evaporation was complete, the PLLA film was removed from the substrate. Unpatterned, control PLLA films were similarly made using a Petri dish as a template. Before using the films, selected specimens were examined by scanning electron microscope (SEM). Round discs (2 cm diameter) were punched from both the patterned and the plain films. These discs were placed in tissue culture treated multiwell plates (Corning) which were coated with agarose (Sigma) to prevent the cells from preferentially adhering to the well-surface. A teflon ring (Fluoro-Plastics) was placed on each disc to prevent disc floatation. The tissue culture treated PS surface in the multiwell plate was also used as a control in the experiment and each control well was also fitted with a teflon ring. The multiwell plates with discs and teflon rings was sterilized using ethylene oxide (Anderson Sterilizers).
Cell Culture Conditions
D1 cells (ATCC) of passage 27 were seeded on all the scaffolds (textured films, plain films, and PS surfaces) at a density of 3.4 3 10 4 cells/well (20% confluence). The cells were maintained in Dulbecco's Modified Eagle Medium (DMEM; ATCC) supplemented with fetal bovine serum (Mediatech), fungizone (Invitrogen), and antibiotic-antimycotic (Invitrogen), the supplemented medium hereafter will be referred to as DMEM-C. Cells were incubated at 378C and 5% CO 2 . The cells reached confluence in 2 days under these conditions; adipogenesis was induced by adding a differentiation induction cocktail of 0.5 mM dexamethasone (Sigma), 1 mg/mL insulin (Sigma), and 0.5 mM 1-methyl-3-isobutylmethylxanthene (IBMX; Sigma) to DMEM-C.
Three 12-well plates were used in the 36-day experiment, two for histological staining using Oil Red O and one for lactic acid release and glucose consumption analysis. Each well plate contained six samples, one per well, including three PLLA patterned films and three plain PLLA film. Three additional wells per plate served as polystyrene controls.
Qualitative Assessment-Phase Contrast Images
Images showing lipid droplet accumulation on different surfaces were obtained using an inverted microscope (Carl Zeiss) in phase contrast mode and image acquisition software (Diagnostic Instruments) with a color digital camera (Diagnostic Instruments). These images were used to monitor the morphological changes of the cell with time.
Oil Red O Staining
To determine the percent area covered by lipid, Oil Red O was used to stain the cytoplasmic lipid droplets. This assay was performed at two different time-points: an early timepoint (day 10-i.e., 10 days after introduction of differentiation inducers into the medium) and a late time-point (day 21) to determine the increase in the percent area covered by lipid. Image Pro 1 was used to quantify these values. Six images were taken per scaffold, each at a total magnification of 3203. Lipid appears red when stained with Oil Red O. For calculations red color was taken as the area of differentiated cells. Image Pro 1 was used to calculate the area of differentiated cells. This area was then divided by the total area and converted to a percentage. The total area represents the total cell population because cells were confluent in monolayer.
Lactic Acid/Glucose Analysis
One hundred microliters of medium was removed from each of the experimental and control wells before each medium change was performed. The amounts of lactic acid and glucose present in the extracted culture medium were subsequently measured every day (the medium was changed every 2 days) using a biochemistry analyzer (YSI).
Statistical Analysis
Standard statistical analyses were performed to compare amounts of lipid formation on the three materials, and confidence intervals were provided for their pair wise differences, at each of the time points for which Oil Red O staining was applied. Metabolic activity measures (lactic acid release and glucose consumption) were modeled by appropriate cubic regressions, and differences between these measurements for the three scaffold materials were tested by analysis of variance methods. Detailed methodology will be described subsequently.
RESULTS
Scanning Electron Microscopy of the Patterned Scaffolds
Scanning Electron Microscopy (SEM) was performed on patterned PLLA films to ensure that the pattern on the substrate was accurately reproduced on the film by the casting procedure. Figure 1 shows a SEM micrograph of the patterned film. As can be seen, uniform, horizontal grooves with the intended dimensions were replicated across the surface of the film. . As can be seen from these representative figures, the cells continued to accumulate lipid over the entire duration of the study. The morphological changes observed in the cells were the same on all three surfaces.
Oil Red O Staining
The cells were stained with Oil Red O to evaluate the percent area occupied by the lipid droplets on all the three surfaces. Figure 3 (a-c) shows the cells after 10 days of culture stained with Oil Red O; the cells seeded on all the surfaces have accumulated lipid. Figure 4 (a) displays the sample mean values (over all wells and films) of percent area occupied by lipid for each of the three surfaces for the early time-point. The mean percent lipid area was highest for the PS (31%), followed by the patterned PLLA surface (25%) and then the plain PLLA surface (19%).
As can be seen from Table I , the mean percent area occupied by lipid on the PS surface is significantly higher (p < 0.05) than that of the patterned PLLA surface, which is in turn significantly higher than that of the plain PLLA surface. In addition to the means, Figure 4 (a) also displays error bars representing simultaneous 95% confidence intervals for each of the mean values; note that none of the error bars overlap. Figure 3 (d-f) shows images of the stained cells after 21-day culture and Figure 4 (b) shows a summary of the results. The data for the late time point shows a change in the trend from the early time point analysis. Here, the mean percent area occupied by lipid was highest on the plain PLLA film (49%) and lowest on the PS surface (41%); the mean for the patterned PLLA film is 42%. As can be seen from the Table II , the mean percent area occupied by lipid on the plain PLLA surface is significantly higher (p < 0.05) than that of the PS surface. However, the difference in means for the patterned PLLA and the PS surfaces is not statistically significant. [Note that the error bars in Figure 4 (b) corresponding to the patterned PLLA and PS surfaces overlap.]
Lactic Acid Released
The daily value of lactic acid released is the increase in lactic acid from the previous day; that is, LA released ðjÞ ¼ LA level ðjÞ À LA level ðj À 1Þ While analyzing the daily values of lactic acid released for each of the three scaffolds, two features stood out. First, there was a large change in the magnitude of lactic acid released on day 21. The second notable feature was the \zig-zag" appearance of the plots, in which a relatively large value was generally followed by a smaller value and vice versa. This pattern exhibits that the measurements of lactic acid released are typically larger on days immediately following a medium change. In general, the values for the three scaffolds follow similar patterns. However, the values of LA released for the PS scaffold tended to be higher than the other two scaffolds.
To smooth the effects of the medium change and investigate the differences due to scaffold further, cumulative values of lactic acid released were considered. Specifically, Cumulative LA released ðjÞ ¼ LA released ð1Þ þ LA released ð2Þ þ Á Á Á þ LA released ðjÞ
As the length of the study increased, lactic acid released appeared to increase at an increasing (quadratic) rate. While there was very little difference between the plain and patterned plots, the PS values were noticeably higher. Polynomial regressions were performed to model the trend and also investigate the difference due to scaffold. Note that as the cocktail was first administered after the day 3 measurement, only data from day 4 was included in the regression. Table III shows the analysis of variance (ANOVA) for lactic acid released.
It can be seen from Table III while the data could be fitted by an overall quadratic time trend, there were significant differences in the growth rates for the different surfaces. Coefficients of the corresponding regression give estimates of the differences. First, to uniquely estimate the parameters of the model, certain restrictions on the model coefficients must be imposed. This step is accomplished by setting the coefficients corresponding to the plain values equal to 0. Thus, the overall intercept, Day and Day 2 coefficients will model the trend in Plain values. The trend in the Patterned and PS values was modeled by adjusting the coefficients from this baseline. Table IV summarizes Note that the large p-values corresponding to the Patterned coefficients indicate that these coefficients are not significantly different from 0. Therefore, while there are different numerical values of the parameter estimates for the plain and patterned data, there is no significant difference in the trend for these two surfaces. However, the trend for the PS data does remain significantly different. Figure 5 displays the data along with the quadratic trend; the overall R 2 of the regression is 0.997. Residual analysis showed that the residuals prior to day 20 were mostly positive, indicating that the fitted trend underestimates lactic acid release in the early days of the experiment. Nevertheless, the above quadratic model provides a simple description of the growth in the amount of lactic acid released. (A cubic trend was also fitted to the data, but there was no significant improvement over the quadratic trend.)
Glucose Consumed
The daily value of glucose consumed is the decrease in glucose level from the previous day, that is,
Glucose consumed ðjÞ ¼ Glucose level ðj À 1Þ
À Glucose level ðjÞ
While analyzing the daily glucose consumption one notable feature was the prevalence of negative values, indicating that glucose increased from the previous day. This was especially true for the plain scaffold; almost all of the values prior to day 20 are negative. And, like with lactic acid the data for glucose consumption also had a \zig-zag" feature. Here, the amount of glucose consumed was typically larger on days immediately following a media change. There is less similarity between the scaffolds in the glucose consumed data than there was for lactic acid release. In general, glucose consumed tends to be highest for PS, followed by Patterned and then Plain. To smooth the effects of the medium change and further investigate the differences due to scaffold, cumulative values of glucose consumed were considered. Specifically,
Cumulative Glucose Consumed ðjÞ ¼ Glucose consumed ð1Þ þ Glucose consumed ð2Þ þ Á Á Á þ Glucose consumed ðjÞ
For the first 20 days, glucose consumed remained fairly constant for the Patterned and PS data. This result is due to the presence of negative values canceling out the positive values. Also, the prevalence of negative values for the Plain data prior to day 20 caused an overall decrease in the amount of glucose consumed. After day 20, the cumulative values increased, roughly linearly. Also, after day 20, the increasing trend is fairly similar across the three scaffolds.
Polynomial regressions were performed to both model the trend and investigate any difference due to scaffold. Again, as the cocktail was first administered after the day 3 measurement, only data from day 4 and later was included in the regression. Table V summarizes the analysis of variance (ANOVA) of the results. Table V shows that while the data can be fit by an overall cubic time trend, there are significant differences in the growth rates for the different surfaces. Coefficients of the corresponding regression give estimates of the differences. First, in order to uniquely estimate the parameters of the model, certain restrictions must be imposed on the model coefficients. Table VI .
The coefficients for Patterned and PS in Table VI represent the adjustments to the intercept because of the overall difference in surface means. These coefficients translate into the following model: 
<0.0001
The above cubic model is a significant improvement over a quadratic model. One reason for this is that the cubic model is better able to account for the change in curvature prior to day 20, particularly for the plain film data. Figure 6 displays the data along with the cubic trend; overall R 2 of the regression is 0.996. Also, the cubic time trend attempts to model the data as a whole. It is clear from the plot that there are different patterns before and after day 20. The cubic trend can accommodate this feature, yet it might be \overfitting" the data. In particular, if only the data from day 20 on are considered, a quadratic or possibly even linear trend might be a good approximation.
DISCUSSION
The aim of this study was to evaluate the lipid production and metabolism of D1 cells when cultured on patterned PLLA films. Qualitative assessment using phase contrast microscopy showed that cellular differentiation into adipocytes may be manipulated using appropriate surface topography stimuli. Oil Red O staining and image quantification was employed at two different time points to observe the amount of lipid produced at the early and the late stages of the study. At the early time point (day 10), the cells cultured on plain PLLA films produced the least amount of lipid and those cultured on the PS surface produced the highest amount. However, at the late time point the picture was reversed, with cells cultured on plain PLLA films producing the highest amount of lipid and those cultured on PS surface producing the lowest. Since the cells seeded on all the surfaces reached confluence at the same time, this finding suggests that the material property itself plays a regulatory role in the production of lipid by the cells. Although the initial lipid production by the cells on the PS surface is very high, the amount tapers off, as evidenced by a mean percentage change of about 40% in between the two time points. The cells on plain PLLA film show a much higher mean percentage increase between the two time points (about 163%) and the cells on the patterned surface show an intermediate increase (about 72%). One possible explanation is that, in the early stages, the positively charged tissue culture treated polystyrene encourages the proliferation and differentiation of cells more than the hydrophobic PLLA. However, with increasing time this effect diminishes. Because the adipocytes have differentiated faster on the PS surface they tend to dedifferentiate or detach from the surface faster too as compared to the PLLA surface. Our hypothesis is that the cells in all systems that we studied differentiate and then dedifferentiate (i.e., we are still dealing with a 2D surface); the texture simply changes the rate of differentiation and dedifferentiation, but not the occurrence of either. According to the measured numbers, the cells on polystyrene differentiate the fastest, then dedifferentiate; the cells on patterned surface follow suit next, the cells on the plain surface one's last. So it appears that eventually all the systems reach the same endpoint, but we can control the timing of these events and that can be of critical importance with a tissueengineered device.
It has been reported 11 that cells are more proliferate on a natural material like gelatin than PLLA. This behavior is attributed to the surface chemistry and roughness and because of the lack of functional surface groups or peptides on polylactide. The cells cultured on the patterned PLLA films consistently displayed a moderate differentiation rate as compared to the cells on the other two surfaces. This indicates that surface microtopography may be useful in controlling the rate of differentiation of different cell types in different construct materials.
Another aspect of these results warranting further investigation is the effect of surface texture on the process of cell differentiation. There are numerous reports in the literature 8, 12 that detail the use of microgrooved substrates in assessing the efficacy of microgrooves in influencing cell alignment. Two other crucial aspects of microtextured substrates are groove width and groove depth--both affect cell alignment differently. It has been reported, 13 for example, that cell alignment is significantly affected by differences in groove depth but that difference in groove width is not as influential on cell alignment. Also, studies 8, 12, 14 have shown demonstrated lack of correlation between microtexture and cell proliferation, although it has also been reported that actin filaments and focal adhesions of osteoblast-like rat bone marrow cells align with microgrooves. One specific groove size and depth was assessed in our laboratory; it is imperative to experiment with various combinations of the size and depth to optimize the groove dimensions. Our results show significant differences between the response of D1 cells on patterned and plain surface at the level of dimensions used in this on the differentiation of D1 cells. More work is being done in our lab to investigate the role of lower groove spacing on differentiation of D1 cells.
A hormone cocktail was employed in our study to induce the D1 cells to differentiate into adipocytes as we wanted to investigate the effect of surface topography on the differentiation while controlling for the effect of hormones; however, the independent role of the surface texture towards the differentiation of cells also needs to be studied further. It has been reported 15 that bone cell differentiation and proliferation is affected by the interaction between hormones, growth factors, and surface microtopgraphy. There are various reports in the literature 16, 17 that suggest that surface roughness and topography play an important role in determining the proliferation and differentiation of cells. Although the role of surface texture has been studied in some detail in osteoblasts and chondrocytes, few studies have investigated its role in soft-tissue regeneration. Our focus was to study the interplay between surface texture, scaffold material, and hormones in the context of softtissue; further work will be conducted to better elucidate this relationship.
Lactic acid released and the glucose consumed by the cells was also analyzed as it indicates the metabolic activity of the cells. As exhibited by the polynomial models, cells metabolized nutrients from the medium at an overall increasing rate on all surfaces. Cells seeded on the PS surface showed significantly higher lactic acid release than those on the other surfaces. There were no significant differences in lactic acid release between the plain and patterned PLLA surfaces. Cells seeded on the PS surfaces also showed significantly higher overall glucose consumption than those on the patterned PLLA surface, which in turn showed significantly higher overall glucose consumption than those on the plain PLLA surface. The data reveal many negative values of daily glucose consumed, most prevalently on the plain PLLA films. This observation is consistent for the entire duration of the study and for one scaffold type, likely attributable to instrument variability. As the process used to measure the concentration of glucose is enzymatic in nature, the result might be due to the presence of a confusing molecule in the sample.
The long-term goal of the research in our lab is to provide a better and more viable device for breast tissue reconstruction. This study serves as a starting point and highlights the use of adult marrow cells in tissue engineering and the manipulation of surface topography in cell differentiation for soft-tissue regeneration. The findings raise some additional concerns about the selection of scaffold material and characterization of target cell population.
CONCLUSIONS
Patterned PLLA films were used to compare the proliferation and differentiation of D1 cells on plain PLLA films and tissue culture-treated PS surface. This investigation was completed by comparing the percent area occupied by lipid produced by the cells at two different time-points. The results indicated that microtopography can be used as a tool to modulate the differentiation of D1 cells to adipocytes. Cells cultured on patterned PLLA films showed an intermediate rate of lipid production at both the early and late time-points. At early time-point cells on PS surfaces had significantly higher percent lipid area than cells on plain PLLA films and this trend was reversed on the late time-point. Polynomial mathematical models describing changes in cell activity over time provide a good approximation of cellular glucose consumed and lactic acid release.
